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Abstract 

We investigated magnetic and magnetocaloric properties in Smi_ x Sr x MnC>3 (x = 0.30- 
0.5). We report a magnetic field driven first-order metamagnetic transition in the 
paramagnetic state in x = 0.4 and 0.5 and a second-order transition in x = 0.3. The 
highest magnetic entropy {-AS m = 6.2 J/kgK for AH = 5 T at T= 125 K) that occurs in 
x = 0.4 is associated with the metamagnetic transition resulting from the field-induced 
growth and coalescence of ferromagnetic nano clusters preexisting in the 
paramagnetic state. Our results suggest that manganites with intrinsic nanoscale phase 
separation can be exploited for magnetic refrigeration. 

PACS number(s): 75.47. Lx, 65.40.gd, 75.47.Gk 
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When a material is magnetized by the application of a magnetic field, the 
entropy associated with the magnetic degree of freedom, S m , decreases. Under 
adiabatic conditions, the entropy change, AS m , must be compensated for by an equal 
but opposite change in the entropy associated with the lattice, ASi, resulting in a 
change in temperature of the material, AT, referred to as the magnetocaloric effect. 
Magnetic refrigeration based on the magnetocaloric effect is a promising alternative 
technology to the conventional vapor-compression refrigeration because of its higher 
energy efficiency and environmental friendliness. 1 The change in magnetic entropy 



paramagnetic to ferromagnetic transition temperature (7c). Majority of materials show 
a second-order paramagnetic to ferromagnetic transition in which magnetic entropy 
change is moderate. An exception is metallic gadolinium that shows the largest 
magnetic entropy change (AS m = 9.7 J/kg K for /uoH = 5 T at T c = 293 K) in any 
elemental ferromagnets near room temperature due to its high moment (S = 7/2). 1 

The MCE is expected to be much larger in compounds that show a 
temperature driven first-order paramagnetic to ferromagnetic transition in which M 
changes discontinuously at T c . In these compounds, an external magnetic field can 
trigger metamagnetic transition in the paramagnetic state (T > T c ) which leads to a 
giant MCE as reported recently in Gd 5 Si 2 Ge 2 3 , MnFePo.45Aso.55 4 , and Ni 2 MnGa. 5 The 
colossal magnetoresistive manganites of the formula Ri_ x A x Mn03 (R= La, Nd, etc. 




and hence MCE is expected to be maximum at the 
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and A = Ca, Sr etc.) also joined the race following the reports of a large MCE in 
Lao.75Sro.25-yCa y MnC>3 (y = 0.1) and related compounds. ' A comprehensive 
summary of the MCE in manganites can be found in a recent review by Phan and Yu. 9 
Though large lattice heat capacity (C p ) of these oxides can lower the adiabatic 

T H rf dM\ 

temperature change (AT ad =-— HdH) manganites have many advantages 
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over other materials: 1. They are relatively cheaper, chemically stable and can be 
easily prepared by the standard solid state or soft chemistry routes compared to 
expensive rare earth or inter-metallic based alloys, 2. The T c can be tuned anywhere 
between 100 K and 400 K by controlling the hole-doping (x) or the average ionic radii 
(<r A >) of the R and A cations, 3. These materials exhibit either a second-order or a 
first -order paramagnetic to ferromagnetic transition depending on x and <r A > 10 and 
some compositions exhibit structural transition in the vicinity of ferromagnetic 
transition that could influence the MCE because of unusual strong coupling between 
lattice and magnetic degrees of freedom. 11 4. Besides a second- order paramagnetic to 
ferromagnetic transitions at high temperature, Sr-based compounds with x = 0.5 such 
as Pr .5Sro.5MnC>3 show first-order lattice-coupled ferromagnetic to antiferromagnetic 
transition at low temperature. Application of an high external magnetic field not only 
transforms the antiferromagnetic phase into a ferromagnetic phase but also changes 
structural symmetry and volume which can lead to enhanced magnetic entropy AS m , 
as shown for Pro.46Sro.54Mn03. 



In this report, we take an alternative approach to achieve a large MCE by 
exploiting the nanoscale phase separation found in some narrow band width 
manganites. We have investigated magnetocaloric effect in Smi_ x Sr x MnC>3 series (x = 
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0.3, 0.4, and 0.5) whose magnetic phase diagram has been studied in detail. ' The 
low temperature ground state of Smi_ x Sr x MnC>3 changes from a metallic ferromagnet 
(0.35 < x < 0.5) to a semiconducting and A-type antiferromagnet for x > 0.5. 15 In the 
critical composition x = 0.5 where Tc = TV (TV-Neel temperature), a long-range 
charge-orbital ordering also develops below T N . 15 The paramagnetic phase of these 
Sm based manganites is unusual as suggested by the early work of F. Borges et al. 16 
who reported a field-induced metamagnetic transition, i.e., a rapid increase of the 
magnetization above a threshold magnetic field in the paramagnetic state and a large 
deviation of the inverse susceptibility much above Tc. Borges et al. 16 suggested the 
possibility of weakly interacting superparamagnetic clusters for T » Tc. Small 
Angle Neutron Scattering (SANS) study in Sm .55Sr .45MnO3 by J.M. De Teresa et 
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al. supported the presence of ferromagnetic nano clusters of about ~0.8 nm in size 
and stable longer than ~1 ps in zero field. A strong diffusive x-ray scattering below 
300 K (> Tc = 118 K) in x = 0.45 was reported earlier and it was attributed to the 
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short-range charge-orbital clusters. Thus, it seems that the paramagnetic state of x = 
0.45 has a mixture of short-range charge ordered regions and nanometer size 
ferromagnetic clusters. The field-driven metamagnetic transition observed in these 
mateials 19 can lead to a large change in magnetic entropy (AS m ). However, MCE in 
these materials has not been studied in detail. In the course of our investigation of Sm 
based compounds, we came across the recent work by Sarkar et al. 19 who observed a 
huge change in magnetic entropy AS m = 7.9 J/kg K in jucH = 1 T at T= 120 K in a 
single crystal of x = 0.52. According to the recently proposed phase diagram, x = 
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0.52 composition is A-type antiferromagnetic below 7V =120 K. In this report, we 
focus on the magnetic and magnetocaloric effects in lower compositions, x = 0.3, 0.4, 
and 0.5. 
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Polycrystalline samples of Smi. x Sr x MnC>3 (x = 0.30, 0.40 and 0.50) were 
prepared by the standard solid state route and characterized by the x-ray diffraction 
analysis. Magnetic measurements over a wide temperature (T = 10 - 400 K) and 
magnetic-field (/uoH = - 5 T) range were carried out on the samples using a vibrating 
sample magnetometer probe in a commercial superconducting cryostat (Physical and 
Magnetic Property Measurement System, Quantum Design Inc, USA) 

Figure 1 shows the temperature dependence of the magnetization (M(Z)) at 
jUoH = 0.1 and 5 T for (a) x= 0.3, (b) x = 0.4 and (c) x = 0.5. The M-T data at 
jUoH = 0.1 T suggest that all these compounds undergo a paramagnetic to 
ferromagnetic transition upon cooling and exhibits a small hysteresis around the 
transition temperature while warming. The Curie temperature (T c ) identified from the 
inflection point of M-T curves while cooling are T c = 87 K, 1 18 K and 99 K for x = 
0.3, 0.4 and 0.5 respectively. The magnetic transition is rather sharp in case of x = 0.4 
compared to the other two compositions. The x = 0.4 also shows a clear peak around 
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T = 30 K « Tc possibly related to increase in the coercivity. ' While the magnetic 
transition is more broadened under /uoH =5 T for x = 0.3, the x = 0.4 composition 
shows a clear upward shift of the Tc to 157 K. The temperature dependence of the 
inverse susceptibility (\/%) for all the composition are shown in the respective insets 
along with the Curie-Weiss fit = CI{T-0 P )) drawn in red line. The \l% clearly 
deviates from the Curie- Weiss behavior several tens of kelvins above the Tc for all the 
compositions. The x = 0.4 shows the strongest deviation, which starts around 310 K, 
far above Tc = 118 K. The observed effective moments P e ff= 5.88, 5.8 and 5.22 ob 
are much larger than expected theoretically (P th = 4.61, 4.51, and 4.44 |u, B for x = 0.3. 
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0.4 and 0.5, respectively) assuming P e ff (Sm ) = 0.71 \Xb. Borges et al. found a 
much larger P e ff = 19 in x = 0.35 when l/% vs. T data was extended up to 600 K. 

Figure 2 (a) shows the magnetization (M) isotherms at different temperatures 
and Fig. 2(b) shows H/M versus M (Arrott plot) for x = 0.3. We have taken 
magnetization isotherms at temperature interval of AT= 3 K between 130 K and 60 K 
and at AT = 5 K in other temperature range. The M varies linearly with H above 180 
K in the paramagnetic state but shows a Langevin- type superparamagnetic behavior 
(gradual reorientation of superaparamagnetic moment towards the field direction with 
increasing field strength) between 180 K and 100 K. Below 80 K, the compounds is a 
soft ferromagnet with a rapid increase at fields less than 0.1 T followed by a slow 
approach to saturation at high fields. The saturation magnetization obtained from the 
extrapolation of the high field magnetization to the origin (/uoH = T) is M sat = 3.5 (j,b 
which is closer to the theoretical value of 3.7 Ub. The Arrot plot shows a positive 
slope near the Curie temperature suggesting that the transition is second-order 
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according to the Banarjee's criteria. In contrast to x = 0.3, M(H) of x = 0.4 (Fig. 
2(c)) shows a metamagnetic behavior- a rapid increase above a critical field (H c ) in 
the paramagnetic state between 170 K and 125 K though it is linear above 180 K. The 
transition from low- to high magnetic moment state is reversible upon decreasing the 
field with small hysteresis of width (0.01 T) at 135 K (not shown here). The critical 
field decreases with lowering temperature, from /ucH c = 3.9 T at 170 K to /ucH c = 0.4 
T at 127 K. The saturation magnetization at 10 K reaches a value of 3.25 which is 
slightly lower than 3.6 \xb expected theoretically. The Arrott plot (Fig. 2(d)) shows a 
negative slope at temperature above and near T c which suggests that the field-induced 
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para-ferromagnetic transition is first-order. This satisfies one of the criteria proposed 
for a material to be a good magnetocaloric material around the Curie temperature. 1 

The M-H curves and the Arrott plot for x = 0.5 is shown in Fig. 3 (a) and 3(b), 
respectively. This sample also shows a metamagnetic behavior in the M-H curve 
between 180 K and 125 K but the transition is rather broad compared to x = 0.4. A 
ferromagnetic like M-H behavior is observed below 90 K. It is to be noted that the 
extrapolation of high-field data to the origin, gives M s = 1.88 us which is far below 
expected theoretical value, 3.5 us and this value has not been reached even at the 
highest field used. The Arrott plot exhibits a negative slope for certain field range 
above 125 K which suggests the field- induced transition is first order in nature. Since 
materials with low hysteresis loss is preferred for the application, we compare the 
hysteresis in M-H during increasing and decreasing strength of the magnetic field for 
all three compositions at T= 135 K (Fig. 4(b)). It is seen that the x = 0.4 composition 
exhibits a small hysteresis but the other two compounds show negligible hysteresis. 
The width of the hysteresis in x = 0.4 is temperature dependent : it increases with 
lowering temperature below 160 K down to 120 K and then decreases as shown in 
Fig. 4(a). The other two compositions did not show hysteresis at all temperatures. The 
variation in the critical field H c which corresponds to the onset of metamagnetic 
transition (determined from the intersection point of the linear increase of M at low 
magnetic fields and the rapid increase at the intermediate fields) with temperature is 
plotted in inset of Fig. 4(b). 
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From the magnetization isotherms measured at discrete temperatures, AS„. 



can be approximated as AS* 



M 



AT 



H H 

^M(T + AT,H)dH-jM(T,H)dH 



In order to 



evaluate the magnetic entropy from our isothermal M(H) curves, we took a numerical 
approximation to the above integral. The method is to use the isothermal 
magnetization measurements at small discrete field intervals, 
v-,M. -M. 

|^ m | = Zj — ' —AH i where, M t and M i+1 are the experimental values of the 

t T M - T t 

magnetization at temperatures, T t and T i+J , respectively, under an applied magnetic 
field Hj. Using the above equation, the entropy change associated with the magnetic 
field variation calculated from the M-H curve at various fixed temperatures is plotted 
in Fig. 5 (a), 5(b) and 5(c) for the three compositions x = 0.3, 0.4 and 0.5 respectively. 
For x = 0.3, AS m at /uoH = 1 T shows a broad maximum around T c = 87 K with a 
maximum value of AS m = 0.85 J/kg K and the maximum shift to 97 K at 3 T. Though 
the magnitude of AS m increases with H, the temperature corresponding to the 
maximum remains nearly the same at jucH = 5 T. The AS m of x = 0.4 (Fig. 5(b)) 
exhibits a rather prominent peak compared to other two compounds. The peak shifts 
from 1 17 K at /uoH = 1 T to 127 K at /uoH = 5 T. Interestingly, this composition shows 
the largest entropy change AS m = 6.2 J/kg K at /uoH = 5 T and T= 127 K followed by 
AS m = 3.3 J/kg K at 97 K for x = 0.3 (Fig. 5(a)) and AS m = 2.3 J/kg K at 125 K for x = 
0.5 (Fig. 5(c)). The AS m of x = 0.4, unlike the other two compounds, exhibits a sharp 
drop just below the peak values for each magnetic field and it weakly depends on the 
field for T< 50 K. The x = 0.3 and 0.5 samples show a field dependent entropy over a 
wide temperature range below the maximum compared to x= 0.4. The relative 
cooling power (RCP), a measure of heat transferred by a magnetic refrigerant, is 
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obtained by the product of the peak value of the entropy (AS m pea ) and the full width at 
half maximum (<5Tfwhm), i.e., RCP{T,AH) = AS m (T,AH) STfwhm • The larger the 
STfwhm, the better is the cooling-capacity. The RCP of x = 0.3 (-326.3J/Kg) is higher 
than x = 0.4 (- 269.5 J/Kg) and x = 0.5 (-231 J/Kg) at 5 T. 

The largest AS m observed in x = 0.4 is clearly related to the field-driven 
metamagnetic transition occurring in the paramagnetic state. The large deviation of 
the inverse susceptibility \l% much above Tc (= 118 K) found in this compound 
suggests existence of superparamagnetic clusters in the paramagnetic state. Our 
detailed analysis of M-H data at different temperatures above T c cannot be fitted 
MIM S vs. jjBlk B T as expected for non-interacting superparamagnetic clusters but to 
MIM S vs. /jBlksiT-O) where #is measure of interaction between clusters. The detailed 
analysis of magnetization data is beyond the scope of this letter and will be reported 
later. We note that small angle neutron scattering study in x = 0.45 indeed suggested 
ferromagnetic clusters of ~ 0.8 nm size imbedded in short-range charge/orbital 
ordered paramagnetic matrix. These nanometer size clusters are weakly interacting in 
low magnetic fields but as the applied magnetic field increases, interaction between 
ferromagnetic nano clusters increases. Above a critical field (H c ), the size of the 
clusters increase abruptly and eventually they coalesce at higher fields. Thus, 
microscopically inhomogeneous paramagnetic state transforms into homogeneous 
ferromagnetic phase at higher fields. This process leads to the rapid increase of the 
magnetization above H c as observed in the M versus H data for x = 0.4 that results in 
the largest change in the magnetic entropy. However, the observed value of AS m = 2 
J/kg K at jUcH = 1 T is a factor of two smaller than the value reported in single 
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crystalline Sm .52Sr .48MnO3 and it is possibly due to smearing of the metamagnetic 
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transition by disorders such as grain boundaries in polycrystalline sample. The M-H 
curve in our polycrystalline compounds exhibits much smaller hysteresis which is 
preferred for magnetic refrigeration compared to single crystals that show a sharp 
metamagnetic transition but with pronounced hysteresis. 17 The magnetization of x = 
0.5 even at 5 T is 2.5 us is lower than the value (= 3.5 |u_b / fu) expected for 
complete parallel alignment of Mn spins. It suggests the low temperature ground state 
of x = 0.5 is different from that of x = 0.4 and it is possibly inhomogeneous mixture 
of ferromagnetic and antiferromagnetic clusters. Indeed, single crystalline study 
shows that the low temperature ground state changes from ferromagnetic to A-type 
antiferromagnetic at x = 0.5 and in this critical composition both T c and T N may 
coincide and long range charge-ordering also develops below 80 K. 16 The decrease 
in the field-induced magnetic entropy in this composition can be attributed to the 
existence of stronger charge-orbital correlation above T c and smaller size of the 
ferromagnetic clusters. 

In summary, we have studied magnetic and magnetocaloric properties in 
Snii_ x Sr x Mn03 (x = 0.3, 0.4, and 0.5) and found the largest magnetocaloric effect in x 
= 0.4 among the three compositions. The largest MCE observed in x = 0.4 is related to 
the existence of ferromagnetic nano clusters in the paramagnetic state that grow and 
coalesce with increasing strength of the external magnetic field in contrast to the case 
x = 0.3 which shows a gradual reorientation of superparamagnetic moment towards 
the field direction. Our results suggest that other manganites that show a field-induced 
metamagnetic transition in the paramagnetic state such as Cr or Ni doped 

22 23 

Pro.5Cao.5MnC>3 or lower band width manganites such as Eui_ x Sr x MnC>3 may be 
attractive candidates to look for a large magnetocaloric effect. 
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Figure captions 



Fig. 1 Temperature dependence of the magnetization of the Smi. x Sr x MnC>3 (a) x = 0.3, 
(b) x = 0.4 and (c) x = 0.5 at magnetic field of /uoH= 0.1 Tand 5 T. 

Fig. 2 (a) M-H isotherms and (b) Arrott plot for the composition x = 0.3. The bottom 
panels show the respective plots for x = 0.4. M-H isotherms were taken at a 
temperature interval of AT = 3 K interval in between 130 K and 90 K, i.e. in the 
regime of magnetic phase transition and at AT = 5 K at other temperatures. 

Fig. 3 (a) M-H isotherms and (b) Arrott plot for the composition x = 0.5. The data 
were taken at AT= 3 K interval in between 130 K and 100 K and at AT= 5 K interval 
away from the phase transition. 

Fig. 4 (a) M-H isotherms for the composition x = 0.4 and (b) comparison of M-H 
curve at 135 K for x = 0.3, 0.4 and 0.5. The inset of Fig. 4(b) shows the variation of 
H c with temperature. The low field paramagnetic (PM) is state is an inhomogeneous 
mixture of non size ferromagnetic and charge ordered clusters and the high field state 
has a larger fraction of ferromagnetic phase. 

Fig. 5 The temperature dependence of the change in the magnetic entropy AS m at 
different magnetic fields for x = 0.3 (a), 0.4 (b) and 0.5 (c), respectively. 
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